Encapsidation of the DNA of the virulent Bacillus subtilis phage SPP1 follows a processive unidirectional headful-mechanism and initiates at a unique genomic location {pac). We have cloned a fragment of SPP1 DNA containing the pac site flanked by reporter genes Into the chromosome of B. subtilis. Infection of such cells with SPP1 led to highly efficient packaging, initiated at the inserted pac site, of chromosomal DNA. The directionality in the packaging of this DNA was the same as observed with vegetative phage DNA. Mutagenizing the chromosomal pac insert defined an 83 base pair segment containing the pac cleavage site which is sufficient to direct phage specific DNA encapsidation. The packaging recognition signal as defined can also be utilized by the SPP1 related phages 41c, SF6 and @15.
INTRODUCTION
One of the most remarkable events in the life cycle of a virus within an infected cell is the packaging of its nucleic acid into progeny virus particles. Among the many facets of this process, the selective recognition of virus DNA within a universe of host DNA has attracted interest as an intriguing case of highly specific protein-DNA interaction. Studying bacteriophage packaging, it was realized that in many instances specificity of packaging is provided by the recognition by the phage coded packaging machinery of a 'signal sequence' within replicating DNA (1) . Such signal sequences occur only once per genome.
In the case of phage X, packaging is initiated by the binding of a phage-encoded nuclease (terminase) to cosB. At least in vitro, the binding of the terminase at cosB generates a protein-DNA complex and introduces staggered nicks at the nearby cosN site (a region of dyad symmetry) (2, 3) . Cleavage of such sequences within the concatemer generates unit-length molecules carrying identical genetic information which are encapsidated into the phage proheads. In this case and those of other 'unit-length' DNA phages (T3, T7), the size of the DNA to be packaged is determined essentially by the distance between neighboring packaging signals within concatemeric DNA (4) .
In other phages (Tl, PI, P22, SPP1), whose DNA also goes through a concatemeric replication intermediate, discrete packaging signals were also identified (5 -11) . Here, however, the packaging signal only serves to initiate packaging by the formation of a double strand cleavage at the pac site. Starting from this initial cleavage site, packaging proceeds processively and unidirectionally, leading to the encapsidation through further cleavages at non defined sites, of amounts of DNA which are slightly bigger than one genome. The length of the packaged DNA in these phages is not determined by the unit genome length spacing of packaging signals in the DNA but by parameters of the packaging machinery, possibly including the packaging capacity of the phage head. This processive headful mechanism leads to the generation of terminally redundant and partially circularly permuted DNA molecules (1, 12) . A highly degenerate version of this mode of packaging is the case of bactenophage T4, where also a processive mode of DNA packaging occurs, which produces a population of terminally redundant and circularly permuted DNA molecules, but where a specific initiation site for encapsidation could not be identified (13) .
In this communication we are concerned with the packaging signal of the virulent B. subtilis phage SPP1. We have inserted fragments of SPP1 DNA containing the pac cleavage site sequence (9) into the chromosome of B. subtilis. DNA flanking the pac insert is packaged into phage particles following infection with SPP1, showing that the phage encoded packaging machine is interacting in trans with the packaging signal placed in the chromosome. By following the packaging of chromosomal DNA flanking the pac region, after infection of cells carrying the insert, we were able to establish the minimal sequence required for directional packaging of SPP1 DNA.
MATERIALS AND METHODS

Bacterial strains and phages
B. subtilis strain YB886 (14) and its derivatives bearing the blepac-cat cassette were used. A DNA segment from the SPP1 EcoRI fragment I containing pac [coordinates 1 to 891 of Deichelbohrer et al. (9) 
Transformation and media
The method of Rotdander and Trautner (20) was used for transforming B. subtilis competent cells. TY broth (21) was used throughout as liquid and solid medium. It was supplemented with 5 /tg/ml of Cm or 0 2 /tg/ml of Pm.
DNA techniques
DNA packaged into phage particles was purified as follows: cultures of B. subtilis cells carrying the ble-pac-cat cassette were grown in TY supplemented with Pm, at 37°C, to an 00560=0.8 and infected at a multiplicity of 5 phage/cell. The lysates were then treated with DNAse (1 /ig/ml) and RNAse (1 /xg/ml). Phage particles were precipitated with PEG 20%, 2M NaCl (v/v). The DNA packaged was purified by extraction with phenol and dialyzed against 10 mM Tns-HCl, 1 mM EDTA pH 8.0.
DNA preparations digested with the appropiate restriction enzymes were electrophoresed overnight in 0.8% agarose. Southern transfer to nylon membranes (GeneScreen, NEN Research products) and hybridization to 32 P-labeled DNA probes were carried out as described by Maniatis et al. (22) (16)]. The probes were end-labeled with polynucleotide kinase according to the procedure of Maniatis et al. (22) . DNA was visualized by autoradiography with Kodak XAR film. The relative amount of DNA present in any particular band identified either by staining with EtBr or Southern hybridization was determined by density scanning of films using a laser densitometer (LKB Ultro Scan XL). To determine the degree of amplification of the ble-paccat cassette on the chromosome, DNA was digested with an enzyme that cleaves once within the amplified unit and the ratio between the amount of the amplified DNA segment with respect to the non-amplified one, identified by Southern blot using the cat probe, was determined as described above.
Restriction endonucleases and DNA modifying enzymes were purchased from Boehringer, Mannheim (FRG) or from BRL, Gaithersburg, Md. (U.S.A.) and were used as specified by the manufacturers.
RESULTS
The SPP1 pac region is recognized as a signal for packaging when present in the B. subtilis chromosome
To analyze the requirements of a pac signal to serve as the initiator of packaging, it is desirable to place thus signal in trans on a replicon whose packaging following phage infection can easily be monitored. Sternberg and Coulby (6) achieved this situation in their studies on PI packaging by lysogenizing X phage, into which the PI packaging signal had been inserted. In our case, an 891 bp fragment from the SPPl EcoRl fragment 1 containing the pac cleavage site was flanked by specific markers, the ble and cat genes (Fig. 1) . The resulting cassette (ble-pac-au) was linked to defined B. subtilis DNA and integrated, by chromosomal transformation, into the B. subtilis chromosome in the vicinity of the addA gene. In the presence of 0.2 /tg/ml of Pm in the growth media this cassette was amplified about 6 fold (strain BG40, see Materials and Methods). No chromosomal EcoRl DNA fragments, containing the amplified cassette, smaller than 35 kb should be expected. Strain BG40 was infected with SPPl, and after lysis the DNA packaged into SPPl particles was purified. Part of this DNA was digested with EcoRl, which neither cuts the cassette ble-pac-cat nor the chromosomal DNA surrounding it. Such DNA was analyzed by agarose gel electrophoresis and Southern hybridization using as probes end-labeled restriction fragments from both the ble (ble probe) and cat (cat probe) genes. Within the standard EcoRl restriction pattern of SPPl DNA an additional band, which comigrates with undigested phage DNA, was detected (Fig. 2B, lane 7) . This material represents about 1% of the total DNA packaged, as estimated by densitometry of the EtBr stained DNA. Only this EcoRl resistant DNA specifically hybridizes with the cat probe (Fig. 2D, lane 7) . Identical results were obtained when the ble probe was used (data not shown). Therefore, such DNA packaged into the SPPl particles must derive from the amplified cassette integrated into the chromosome. When the encapsidated DNA from phages grown on strain BG40, was digested with AJfil (this enzyme cuts bacterial DNA but not phage DNA) a band which hybridizes with the cat and ble probes was detected (see below). These results indicate that chromosomal DNA adjacent to the pac region is encapsidated and that the presence of the 891 bp SPPl fragment in the B. subtilis chromosome is sufficient for specific packaging of chromosomal DNA. Identical results were obtained when the ble-pac-cat cassette was not subjected to amplification. However, in this case the signal of chromosomal DNA packaged into SPPl particles detected by Southern-blot was very weak (data not shown). The hybridizing band is, as expected, smaller (ranging from 15 Kb to 20 Kb depending on the strain under assay) due to the lack of amplification. This suggests that the pac site, as in the phage concatemer, is used only once. Hence, to avoid the detection problem we used in all cases strains carrying amplification of the cassette.
A functional pac site is located within an 83 bp region
To narrow down the size of a functional pac recognition site, deletions in the 891 bp region of SPPl DNA were generated in vitro (Fig. 1) . This involved deletions both at the right (clone 34) or at the left of the pac cleavage site sequence (clones 35, 36, 37, 38, and 39). The resulting cassettes were placed in the 1, 3, 5 ), or nondigested (lanes 2, 4, 6, 7), separated on 0 8% agarose and blot hybridized with the cat probe DNA of these phages is sensitive to £coRI B. subtilis chromosome at the same position as in strain BG40. The newly generated strains were termed BG34, BG35, BG36, BG37, BG38 and BG39 respectively (see Materials and Methods).
DNA packaged into SPPl particles grown on these strains was purified, digested with EcoRl and analyzed by agarose gel electrophoresis and Southern hybridization as described before. As in the DNA preparation from SPPl particles grown on the strain BG40 (Fig. 2) , an EcoSl resistant fragment which comigrates with undigested phage DNA and hybridizes with both probes was detected in the DNA preparations from strains BG34, BG35, BG36 and BG39 but not from particles obtained after infection of strains BG37 and BG38 (Fig. 2) . Relating the location of the deletion endpoints within the various cassettes (Fig. 1) to the capacity of the DNA to initiate encapsidation, we realize that the 83 bp Thal-Bsml DNA segment is shared by the packable clones 40, 35, 36, and 34. Since clones 37 and 38 are not packable, these findings would place the packaging recognition signal within this sequence. The fact that the cassette of clone 39 is recognized by the SPPl machinery might indicate that SPPl sequences to the left of the Thai site can substitute for the deletion of material between XmaUl and Thai.
The amounts of non digestable DNA are somewhat different in the various positive clones shown in Fig. 2 . We ruled out that such differences are due to a transfer defect, since they are highly reproducible, but we cannot say whether such differences reflect different efficiencies of packaging or whether they are due to variations of amplification or packaging initiation among the clones analyzed. Chromosomal DNA is packaged unidirectionally from the SPP1 pac site To determine whether the 83 bp SPP1 region defines directionality of packaging and is used only once, as in the phage concatemer, DNA from SPP1 particles grown on bacteria carrying the pac site in the chromosome, was digested with AflU and analyzed by Southern hybridization using both the cat and ble probes (Fig. 3) . No restriction sites for the AflU enzyme are present in the SPP1 DNA. If packaging of bacterial DNA starts at any SPP1 pac site within the amplified region and proceeds, from such a point, unidirectionally in the same direction reported for the phage DNA (from right to left in Fig. 3 ), we expect, in addition to an AflU fragment which would hybridize with both probes, a minor fragment present in non-stoichiometric amounts which would hybridize only with the ble probe. If the bacterial DNA is packaged in the opposite direction, then a minor band which would hybridize only with the cat probe should be detected. If cutting would occur at all pac sites within the amplified region, we expect only a DNA fragment which would hybridize either with the ble or cat probe. We analyzed DNA from SPP1 particles grown on the strains BG34, BG35 or BG36. AflU restriction fragments of 3.1 Kb, 2.7 Kb or 2.45 Kb respectively, which hybridize with both probes, were detected (see Fig. 3 ). In addition to these major bands, minor fragments of 1.9 Kb, 1.5 Kb or 1.2 Kb, respectively, were observed only when the ble probe was used. These results indicate that chromosomal DNA is packaged unidirectionally from the SPP1 pac site and in the same direction reported for the phage DNA (toward the EcoKl fragment 12, see Fig. 5 ). In addition, we conclude from those data that the pac site present in the chromosomal amplified region is utilized only once.
The SPP1 pac site is recognized by SPP1 related phages By various criteria the B. subtilis bacteriophages 41c, p 15 and SF6 are highly related to SPP1 (19, 23, 24) . To determine whether these phages recognize the SPP1 pac site as a signal for packaging, strain BG40 was infected with the phages 41c, 615 or SF6 and, after lysis, the DNA packaged into phage particles was purified and part of it was digested with EcoKL. Analysis of such DNAs by Southern hybridization using the endlabeled cat probe shows that also these phages are able to specifically encapsidate chromosomal DNA (Fig. 4) . Quantification of the amount of this chromosomal DNA, by densitometnc scanning of the autorradiogram, revealed that phages 41c and SF6 recognize the SPP1 pac site with an efficiency similar to SPP1. In contrast, phage el5 recognizes the SPP1 pac site with a 3-fold lower efficiency.
DISCUSSION
To facilitate an analysis of the DNA packaging mechanism by bacteriophage SPP1 we have engineered a fragment of SPP1 DNA, containing the previously identified pac cleavage site (9) into the chromosome of B. subtilis. Following infection of such cells by SPP1, this inserted phage DNA serves as an initiation site for encapsidation of chromosomal DNA, indicating that the SPP1 insert carries the recognition sequence for the SPP1 packaging machinery. Systematically reducing the size of the inserted SPP1 DNA, we could allocate the capacity of the DNA to become recognized to an 83 bp subfragment of the original insert. The nucleotide sequence of the 83 bp region shows some peculiar features (Fig. 5) . Located towards the middle of the sequence (coordinates 722 to 726) are the major and the minor pac cleavage sites, which had been described before (9) . The cleavage sites fall into a pentanucleotide sequence GCCGC which is repeated within the 83 bp fragment at coordinates 758 to 762 and 767 to 771. This sequence is the 5' end of a decanucleotide sequence GCCGCAATAG which is repeated beginning at coordinate 758. Furthermore, sequences TTTTT are located symmetrically around the pac cleavage site contained in the decanucleotide. It is difficult to assess the significance of the nucleotide sequence motifs and their arrangement in recognition and cleavage at the pac site. Most likely the minimal length for pac recognition and cleavage could be less than 83 bp. The use of fragments smaller than 83 bp in our packaging assay, produced by systematic exonuclease digestion from the Thai and Bsml ends, could lead to an accurate determination of the minimal size for pac utilization.
Comparing the SPP1 pac site with that of PI, as defined by Sternberg and Coulby (6, 7), we realize that a highly structured DNA sequence is also involved here. The minimal length of PI DNA required for packaging and its directionality amounts to about 160 bp. Also here the pac cleavage site is rather symmetrically imbedded in a series of seven direct repeat sequences of 6 bp. It is of interest that both in the SPP1 and PI cleavage site the same nucleotide sequence GCCGC is involved.
The B. subtilis phages 41c, SF6 and Q 15, are closely related to SPP1 (24) . By electron-microscopic and Southern hybridization analysis, heterologous and homologous genome regions between these four phages have been defined (23) . The phages 41c and SF6 recognize the SPP1 pac site as signal for packaging initiation with an efficiency similar to SPP1, while the recognition efficiency is about 3 fold lower for Q 15 when is compared with SPP1 (Fig. 4) . These results suggest a higher divergence between pi5 and SPP1 with respect to their packaging systems. Comparisons to the nucleotide level between both systems would be of particular interest for studying molecular evolution.
